Background: Beyond its current function as a rescue therapy in acute respiratory distress syndrome (ARDS), extracorporeal membrane oxygenation (ECMO) may be applied in ARDS patients with less severe hypoxemia to facilitate lung protective ventilation. The purpose of this study was to evaluate the efficacy of extended ECMO use in ARDS patients. Methods: This study reviewed 223 adult patients who had been admitted to the intensive care units of 11 hospitals in Korea and subsequently treated using ECMO. Among them, the 62 who required ECMO for ARDS were analyzed. The patients were divided into two groups according to pre-ECMO arterial blood gas: an extended group (n=14) and a conventional group (n=48). Results: Baseline characteristics were not different between the groups. The median arterial carbon dioxide tension/ fraction of inspired oxygen (FiO 2 ) ratio was higher (97 vs. 61, p<0.001) while the median FiO 2 was lower (0.8 vs. 1.0, p<0.001) in the extended compared to the conventional group. The 60-day mortality was 21% in the extended group and 54% in the conventional group (p=0.03). Multivariate analysis indicated that the extended use of ECMO was independently associated with reduced 60-day mortality (odds ratio, 0.10; 95% confidence interval, 0.02-0.64; p=0.02). Lower median peak inspiratory pressure and median dynamic driving pressure were observed in the extended group 24 hours after ECMO support. Conclusion: Extended indications of ECMO implementation coupled with protective ventilator settings may improve the clinical outcome of patients with ARDS.
Introduction
Acute respiratory distress syndrome (ARDS) is characterized by lung injury caused by either direct or indirect insults and leads to severe respiratory failure that is refractory to conventional oxygen therapy 1, 2 . Hospital mortality in patients with severe ARDS ranges from 45% to 60% [2] [3] [4] . Mechanical ventilation is the mainstay of ARDS therapy. However, overdistention and cyclic alveolar recruitment and de-recruitment during ventilation may further damage lungs and increase inflammatory mediators, eventually resulting in multiple organ failure and death 5 . Lung protective ventilation strategies using low tidal volume and higher levels of positive end-expiratory pressure (PEEP) are widely accepted approaches 6, 7 , although rescue therapies may still be required in refractory cases.
Extracorporeal membrane oxygenation (ECMO) can provide adequate blood carbon dioxide removal and oxygenation, allowing a reduction in mechanical ventilation and minimization of ventilator-induced lung injury (VILI). Several clinical trials in ARDS have shown positive results of venovenous-ECMO 3, 8, 9 . Although there are no absolute criteria for ECMO initiation in ARDS, suggested indications include severe hypoxemia (arterial carbon dioxide tension [PaO 2 ]/fraction of inspired oxygen [FiO 2 ] ratio <80 on FiO 2 >0.9), uncompensated hypercapnia with acidemia, or excessively elevated end-inspiratory plateau pressures despite standard ventilator management 10 . Venovenous-ECMO may be applied in ARDS patients with less severe hypoxemia in whom it might allow "lung rest" by lowering airway pressures and tidal volume rather than improving oxygenation, considering that there is a linear relationship between mortality and plateau pressure, even at less than 30 cm H 2 O 11 . Moreover, lung hyperinflation occurs in approximately 30% of ARDS patients ventilated using the protective ARDS Network strategy 12 .
To date, there are limited data on the impact of initiation of ECMO in patients with less severe forms of ARDS. Accordingly, the aim of this study was to compare the clinical characteristics of patients who underwent ECMO for ARDS with less severe hypoxemia (namely "extended indications") versus conventional indications.
Materials and Methods

Study design and patient selection
This study was a retrospective analysis of a prospective multicenter cohort. The cohort was composed of critically ill adult patients who were at least 18 years old, received ECMO therapy, and were admitted to one of the intensive care units (ICUs) of the 11 participating tertiary or referral hospitals of Korea from January 2014 to December 2015. From this cohort, we included in our analysis patients who required ECMO support for ARDS. The exclusion criteria were as follows: received lung transplantation (either bridge to transplant or destination therapy), cardiopulmonary resuscitation before ECMO, ECMO transferred from other hospital, venoarterial-ECMO, acute respiratory diagnosis other than ARDS, and incomplete data for analysis. According to the pre-ECMO arterial blood gas, patients were divided into extended (PaO 2 /FiO 2 ratio ≥80 without uncompensated respiratory acidosis) and conventional (PaO 2 /FiO 2 ratio <80 on FiO 2 >0.9 and/or arterial carbon dioxide tension [PaCO 2 ] ≥80 mm Hg with pH <7.15) groups. The PaO 2 /FiO 2 cutoff of 80 was selected based on recently proposed criteria for initiating ECMO in ARDS patients 10 . The primary study outcome was 60-day mortality. Secondary outcomes included ECMO duration, ECMO weaning failure rate, mechanical ventilation weaning success rate, mechanical ventilation-free days at day 60, and 30-and 90-day mortality. We also analyzed factors associated with 60-day mortality, including extended ECMO use. The local institutional review board or independent ethics committee of each hospital approved the study protocol (Institutional Review Board of Asan Medical Center, No. 2016-0269). Written informed consent was waived due to the observational nature of the study, and the patient records were anonymized and de-identified prior to analysis.
Data collection and definitions
Baseline demographic and clinical characteristics were collected and included age, sex, body mass index, immune status, etiologies of ARDS, dates of hospital and ICU admission, date of initiation of mechanical ventilation and ECMO, and treatment prior to ECMO. Acute Physiology and Chronic Health Evaluation (APACHE) II 13 and Sequential Organ Failure Assessment (SOFA) 14 scores were also collected at the time of ICU admission and ECMO initiation, respectively. The severity of ARDS before ECMO initiation was assessed by the PRedicting dEath for SEvere ARDS on VV-ECMO (PRE-SERVE) score 15 and the Respiratory ECMO Survival Prediction (RESP) score 16 as previously described. The pre-ECMO variables included rescue therapies (neuromuscular blocker, inhaled nitric oxide, or prone positioning), ventilator settings, and arterial blood gas. Ventilator settings included PEEP, peak inspiratory pressure, dynamic driving pressure (the difference between peak inspiratory pressure and PEEP) 17 , tidal volume, respiratory rate, and FiO 2 , which were determined at baseline (before ECMO application) and at 4 hours and 24 hours thereafter. ARDS was diagnosed by consensus definition 2 . An immunocompromised status was diagnosed if there was an underlying disease that affected the immune system (chronic liver disease, chronic kidney disease, human immunodeficiency virus infection, or malignancy) or if immunosuppressive therapy was being administered at the time of ECMO initiation. Steroid use was defined as corticosteroid adminis-www.e-trd.org tration within 14 days of ECMO initiation.
Statistical analysis
Continuous variables are presented as median and interquartile range or as mean±standard deviation, whereas categorical variables are presented as percentages. Continuous variables were compared using a Mann-Whitney U test or Student' s t test. Categorical variables were compared using a chi-square or Fisher exact test. Binary logistic regression was used to identify factors predicting 60-day mortality. Variables with p-values <0.20 in the univariate analysis were included in the multivariate analysis by using stepwise backward selection procedures. Highly correlated variables were identified to prevent multicollinearity. Model discrimination was assessed with the area under the receiver operating characteristic curve, and model calibration was assessed with the HosmerLemeshow test. A Cox proportional hazards regression model with stepwise backward selection procedures was also applied. The Kaplan-Meier curve was rendered to compare 60-day survival among the groups. All tests of significance were two-tailed, and p-values of <0.05 were considered significant. All analyses were performed using SPSS version 18.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
There were 223 patients in the initial cohort; 161 were not included for the following reasons: met specific exclusion criteria (n=90); ECMO provided for an acute respiratory diagnosis other than ARDS (n=68); and pre-ECMO arterial blood gas unavailable for analysis (n=3). Our study consisted of 62 ARDS patients who received ECMO as a rescue therapy. There were 14 patients (23%) in the extended group and 48 (77%) in the conventional group ( Figure 1) .
The baseline characteristics of the study patients are shown in Table 1 . The percentage of male patients was significantly higher in the extended than in the conventional group, but there were no differences in age or body mass index. The proportion of immunocompromised patients was also similar between the two groups. In both groups, the main etiology of ARDS was bacterial pneumonia, followed by viral pneumonia. There were no differences between the groups in baseline APACHE II and SOFA scores, treatment prior to ECMO, and pre-ECMO rescue therapies. There was no difference between the groups in time from intubation to ECMO cannulation. The median PRESERVE and RESP scores were similar between the two groups (4 [3] [4] [5] [6] Clinical outcomes of the study patients are shown in Table  2 . The primary outcome, 60-day mortality, was observed in three of the 14 patients (21%) in the extended group and 26 of the 48 patients (54%) in the conventional group (p=0.03). In addition, 90-day mortality was significantly lower in the extended group (3/14, 21%) than in the conventional group (27/48, 56%) (p=0.02), although the 30-day mortality rate www.e-trd.org was comparable between the groups. The median duration of ECMO was 8.0 (4.0-14.0) days in the extended group and 9.0 (6.0-23.5) days in the conventional group (p=0.37). There were no differences between the groups in the ECMO weaning failure rate and tracheostomy rate. Both the mechanical ventilation weaning success rate and mechanical ventilationfree days at day 60 tended to be more favorable in the extended than in the conventional group, although the results were Figure 2 . The results of univariate and multivariate analyses of risk factors predicting 60-day mortality are shown in Table 3 . Multivariate analysis indicated that inhaled nitric oxide as pre-ECMO rescue therapy was significantly associated with mortality. Conversely, extended ECMO use was a protective factor (odds ratio, 0.10; 95% confidence interval, 0.02-0.64; p=0.02). This model had acceptable discrimination (area under the receiver operating characteristic curve=0.72) and calibration (Hosmer and Lemeshow chi-square=1.10; p=0.58). Consistently, inhaled nitric oxide and extended ECMO use were independently associated with "time to 60-day mortality" using Cox proportional hazards modeling ( Table 4) .
The changes in ventilator settings between the study groups during the 24-hour study period are shown in Figure 3 and Supplementary Table S1 . After ECMO support, tidal volume, respiratory rate, and FiO 2 were decreased, but there were no significant differences between the extended and conventional groups until 24 hours. Both peak inspiratory pressure and dynamic driving pressure were decreased after ECMO initiation. The extended group had significantly lower median peak inspiratory pressure after 24-hour ECMO support (20 [18] [19] [20] cm H 2 O vs. 22 [20] [21] [22] [23] [24] 
Discussion
The present study revealed a lower mortality rate in patients who received ECMO for ARDS with an extended indication, and extended ECMO use itself was positively associated with survival. The 54% 60-day mortality in the conventional group (where the median PRESERVE and RESP scores at ECMO initiation were 5 and 2, respectively) is comparable with the 43%-46% mortality rates reported in previous studies of similar ECMO-treated ARDS patients 15, 16 . However, despite comparable severity at ECMO initiation, mortality was lower than expected in the extended group. In the extended group, lower median peak inspiratory pressure and median dynamic driving pressure were observed within 24 hours after ECMO initiation. These findings suggest that extended indications of ECMO implementation than conventional indications accompanied by an additional "lung rest" may improve the clinical outcome. To our knowledge, this is one of the few studies to evaluate the role of extended ECMO use in patients with ARDS.
Lung protective ventilator settings that keep tidal volume and plateau pressures within narrow limits should be used in ARDS patients to improve outcomes and prevent the development of VILI 18 . However, when there is dramatic hypoxemia and/or profound acidosis with a high degree of hypercapnia, www.e-trd.org these "protective" mechanical ventilation strategies may not be possible. In addition, even if the above-mentioned variables are kept within the defined limits, the patient might not be ventilated in a lung protective manner 11, 12 . Rescue therapies such as ECMO may be used timely or even immediately to resolve potentially deleterious conditions, although defined thresholds of mechanical ventilation that characterize the status under which the therapy is to be applied are required. However, a clear cutoff that defines severe or life-threatening hypoxemia is still an ongoing matter of debate 19 , and evidence supporting indications or contraindications to ECMO initiation in ARDS is scarce. A recent international multicenter randomized ECMO to Rescue Lung Injury in Severe ARDS (EOLIA) trial tested the efficacy of early venovenous-ECMO in patients with severe ARDS with conventional mechanical ventilation with prone positioning 20 . The analysis of the primary end point (60-day mortality) showed no significant benefit of early ECMO, although the 28% rate of crossover to ECMO among patients with refractory hypoxemia in the conventional group (43% of them survived) may have diluted the potential effect of ECMO. Meanwhile, patients who were enrolled in this trial were very hypoxemic (PaO 2 /FiO 2 ratio <80) The use of ECMO in ARDS patients with less severe hypoxemia may be beneficial for the following reasons. First, venovenous-ECMO with an "ultraprotective" mechanical ventilation strategy (tidal volume reduction to below 6 ml/kg of predicted body weight to achieve a plateau pressure less than 25 cm H 2 O) may further reduce VILI and mortality in patients mechanically ventilated for ARDS 21, 22 . In addition, venovenous-ECMO may reduce the effect of acute lung injury on right ventricular dysfunction by reducing hypoxic pulmonary vasoconstriction and unloading the right ventricle 23 . Second, modern ECMO devices are simpler, safer, and require less anticoagulation and it is now possible to support patients for weeks 24 . Third, patients with ECMO can be awake, facilitating rehabilitation and decreasing weakness and deconditioning. Several studies indicate that early rehabilitation in ECMO patients may improve survival, reduce mechanical ventilation duration, shorten ICU length of stay, and improve functional recovery 25, 26 . Fourth, ECMO might improve long-term qualityof-life by improving blood oxygenation in severely hypoxemic ARDS patients. In fact, ARDS patients treated with ECMO 3, 15 showed comparable or better health-related quality-oflife scores than patients with less severe ARDS treated with conventional management 27 . Lastly, several studies have identified duration of mechanical ventilation prior to ECMO initiation and low pre-ECMO respiratory system compliance as factors strongly associated with mortality in severe ARDS patients receiving ECMO 15, 16, 28 . Several studies have described the impact of different ventilator settings in ARDS patients undergoing ECMO 17, 22, 28 , with lower PEEP levels and higher driving pressure independently associated with mortality. In this study, we observed changes in ventilator settings within 24 hours of ECMO initiation. Thus, the extended group had lower peak inspiratory pressure and dynamic driving pressure after 24-hour ECMO support. We used the difference between the peak inspiratory pressure and PEEP to calculate the "dynamic" driving pressure 17 because most patients were on pressure-controlled ventilation during the evaluation of ventilator settings. Moreover, our multivariate logistic regression and Cox proportional hazards modeling demonstrated that the extended group was independently associated with 60-day survival. Based on our findings, implementation of ECMO with extended indications accompanied by protective ventilation settings may affect the clinical outcome in ARDS patients. www.e-trd.org
This multicenter study had several limitations of note. First, the study was retrospective and underpowered. Its nonrandomized design was prone to selection bias and precluded any inference of causality regarding the association between extended ECMO use and outcome. We also could not adjust for unmeasured confounders, and a matching process between the two groups was not feasible due to a relatively small sample size used for the extended group compared with that of conventional group. In addition, the multiple confounding factors may have affected the clinical outcome, despite the similar baseline characteristics of the study patients in the extended and conventional groups. Second, one could argue that the better outcomes in the extended group could have been related with the better oxygenation status of patients, considering that several studies identified oxygenation criteria as a predictor of mortality in ARDS 2, 29 . However, the multivariate analysis showed no relation between PaO 2 /FiO 2 ratio and mortality. The Cox regression analysis even showed a positive association between increased PaO 2 /FiO 2 ratio and mortality, although it is difficult to explain such a phenomenon. Moreover, pre-ECMO ventilator settings in the extended group were comparable to those in the conventional group, and most patients in the extended group had already been managed with other rescue therapies before ECMO initiation. Third, ventilator settings were collected only at baseline, 4 hours, and 24 hours after ECMO application. We do not know if specific ventilator strategies after day 1 would have changed the patient outcomes. Lastly, criteria for assessing ECMO for ARDS, mechanical ventilation on ECMO, and weaning from ECMO were not standardized among centers. In addition, there was a lack of data on some of the treatment modalities (level of sedation, ECMO settings, anticoagulation, transfusion, or rehabilitation) and complications (either directly related to the ECMO circuit or patient-related) because these data were not collected due to the purposes of the initial cohort. It remains possible that the two groups were not similarly treated, and this may have affected the treatment outcome.
In conclusion, our comparison of extended indications of ECMO implementation with conventional indications suggests that extended ECMO use accompanied by protective ventilation strategies may improve the clinical outcome for patients with ARDS. 
Supplementary
